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ABSTRACT
The large-scale magnetic fields of stars can be obtained with the Zeeman-Doppler-
Imaging (ZDI) technique, but their interpretation is still challenging as the contribu-
tion of the small-scale field or the reliability of the reconstructed field properties is still
not fully understood. To quantify this, we use 3D non-potential magnetic field simula-
tions for slowly rotating solar-like stars as inputs to test the capabilities of ZDI. These
simulations are based on a flux transport model connected to a non-potential coronal
evolution model using the observed solar flux emergence pattern. We first compare
four field prescriptions regarding their reconstruction capabilities and investigate the
influence of the spatial resolution of the input maps on the corresponding circularly
polarised profiles. We then generate circularly polarised spectra based on our high reso-
lution simulations of three stellar models with different activity levels, and reconstruct
their large-scale magnetic fields using a non-potential ZDI code assuming two different
stellar inclination angles. Our results show that the ZDI technique reconstructs the
main features of slowly rotating solar-like stars but with ∼ one order of magnitude
less magnetic energy. The large-scale field morphologies are recovered up to harmonic
modes ` ∼ 5, especially after averaging over several maps for each stellar model. While
ZDI is not able to reproduce the input magnetic energy distributions across individual
harmonic modes, the fractional energies across the modes are generally within 20 %
agreement. The fraction of axisymmetric and toroidal field tends to be overestimated
for stars with solar flux emergence patterns for more pole-on inclination angles.
Key words: stars: activity – stars: magnetic field – stars: solar-type – methods:
analytical
1 INTRODUCTION
The first detection of a magnetic field on a star other than
the Sun was achieved by Babcock (1947) for the Ap star
78 Vir and for a solar-like star nearly 30 years later by Robin-
son et al. (1980). Most detections of stellar magnetic fields
are based on the Zeeman effect (Zeeman 1897). The Zee-
man broadening technique, (Robinson et al. 1980; Reiners
& Basri 2006; Lehmann et al. 2015; Scalia et al. 2017), com-
pares the intensity profiles of magnetically sensitive with
insensitive (i.e. effective Lande´ factor geff = 0) spectral lines
and determines the total average unsigned magnetic field
of the observed star. Zeeman Broadening is sensitive to the
? E-mail: ltl@st-andrews.ac.uk
mean field strength over the projected stellar disc (includ-
ing both the large- and small-scale field) but provides no
information about the distribution of the underlying mag-
netic morphology. Additionally, the strength of the broaden-
ing is small in relatively inactive cool stars like the Sun. As
the Zeeman effect relies on measuring an additional source
of broadening over rotational broadening, it becomes more
challenging to measure in stars with high projected equato-
rial velocity ve sin i, and requires progressively higher levels
of S/N (Reiners & Basri 2006).
The advent of large format spectropolarimeters covering
the entire optical wavelength regime enabled circular polari-
sation signatures to be detected in cool stars systematically.
The technique of Zeeman Doppler Imaging (ZDI) (Semel
1989; Donati & Brown 1997) was developed to reconstruct
© 2018 The Authors
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the large scale magnetic field morphologies in cool stars. It
exploits the sensitivity of circular polarisation profiles to the
longitudinal component of the stellar magnetic fields. ZDI
relies on using the rotational modulation of high resolution
circularly polarised spectra to reconstruct surface maps. The
spatial resolution of these maps is limited by the rotation
rate and inclination angle of the target star. Rose´n et al.
(2015) showed that the addition of linearly polarised spec-
tra can provide additional constraints on the reconstructed
maps. However, circularly polarised signatures are typically
under 0.1% of the continuum level, and linearly polarised
spectra are typically an order of magnitude weaker than the
circularly polarised signatures in cool stars (see e.g. Donati
& Brown 1997; Rose´n et al. 2015). Therefore, linear polari-
sation is only accessible for the brightest most active stars,
within a limited range of rotation periods.
Over the last few decades the magnetic morphologies of
tens of cool stars have been uncovered with ZDI. Several sur-
veys including MagIcS1, Bcool2, MaTYSSE3 and Toupies4
have observed stars of different ages, masses and Rossby
numbers. The Rossby number Ro is the ratio between the
rotation period and the turnover time in the convection cell
(see e.g. Noyes et al. 1984). The magnetic morphologies of
cool stars can be split in three major groups: the slow ro-
tators with Rossby numbers Ro ≥ 1 , the faster rotators
with lower Rossby numbers but stellar masses above 0.5 M
and the M dwarfs with masses below 0.5 M. The slowly
rotating solar-like stars show weak, poloidal dominated and
often very simple or dipolar morphologies (Petit et al. 2008).
The fast rotators show stronger and often toroidal dom-
inated fields that could appear as ring-like structures in
the azimuthal field or as complex field morphologies (Do-
nati et al. 2008b). Mid-M dwarfs near the fully convective
boundary show very strong, poloidal but simple field mor-
phologies, (Morin et al. 2008b), while late M dwarfs display
a bistable behaviour with both simple strong poloidal fields
and weaker, toroidal, more complex morphologies (Morin
et al. 2010). We recommend the review of Donati & Land-
street (2009) for a more detailed overview of the trends found
in the large-scale magnetic field morphologies of cool stars.
Many indirect tracers of magnetic activity (e.g. X-ray
emission) increase with stellar rotation, (Skumanich 1972;
Hartmann & Noyes 1987; Gu¨del 2007; Reiners 2012; Vi-
dotto et al. 2014). From ZDI maps of solar-type stars, Petit
et al. (2008) found that the toroidal fraction tends to in-
crease with stellar rotation, and See et al. (2015) reported
that the toroidal field scales more steeply with the inverse
Rossby number than the poloidal field.
The first detection of a magnetic activity cycle was
found from ZDI studies of τBoo, (Donati et al. 2008a; Fares
et al. 2009, 2013; Mengel et al. 2016; Jeffers et al. 2018).
The large-scale field is found to reverse its polarity every 120
days, which is much shorter than the 11-year cycle observed
on the Sun (Jeffers et al. 2018). The continued monitoring of
active stars from year to decadal timescales could uncover
further magnetic cycles in the near future, adding to the
1 http://www.ast.obs-mip.fr/users/donati/magics/v1/
2 http://bcool.ast.obs-mip.fr/Bcool/Bcool cool magnetic stars.html
3 https://matysse.irap.omp.eu/doku.php
4 http://ipag.osug.fr/Anr Toupies/
long-term trends and cycles found for 61 Cyg A (Boro Saikia
et al. 2015) and for  Eri (Jeffers et al. 2014).
To detect magnetic field morphologies and cycles on
solar-like stars – stars with rotation periods longer than 10
days and activity levels similar to the Sun – is especially
challenging due to the slow rotation and relatively low ac-
tivity levels. The magnetic activity of solar-like stars is weak
compared to more active, rapidly rotating cool stars and long
rotation periods restrict the spatial resolution of the large-
scale magnetic field maps obtained with ZDI (Petit et al.
2008).
Even after detecting the large-scale magnetic field mor-
phology of a solar-like star, the comparison with the Sun is
challenging. We observe the Sun with a very high spatial and
temporal resolution and this prevents a direct comparison
with cool star magnetic field maps reconstructed by ZDI.
Through spherical harmonic decomposition, we can deter-
mine the large-scale field morphology of the Sun, enabling
a direct comparison with the observed magnetic field mor-
phologies of other stars (Vidotto et al. 2016).
The large-scale magnetic field morphology is still diffi-
cult to interpret as it misses most of the magnetic field in
small-scale structures (see e.g. Lang et al. (2014)). Studies of
M dwarfs by Reiners & Basri (2009) and Morin et al. (2010)
suggest that ZDI maps reconstruct between 6 − 14 % of the
total magnetic field. The small-scale fields on stars other
than the Sun are still unknown, but the scale sizes and dis-
tributions of small surface spots are starting to be uncovered
thanks to exoplanet studies which use transiting planets as
probes of the stellar surface structure (Morris et al. 2017).
The question we want to answer in this paper is: how re-
liable are the detected magnetic field morphologies for slowly
rotating solar-like stars and how should we interpret them?
We use the 3D non-potential global magnetic field simula-
tions of Gibb et al. (2016) as inputs to benchmark the ZDI
technique. This is possible as the modulation of the solar
and stellar magnetic fields, e.g. with flux transport models,
is able to simulate most features of the observed solar mag-
netic field properties. Lehmann et al. (2018) showed that
the large-scale field from the 3D non-potential simulations
of Gibb et al. (2016) mimics the properties of observed solar-
like stars, which makes them the perfect data set to test the
reliability of ZDI and evaluate its ability to recover solar-like
magnetic field morphologies. We determine what ZDI is able
to recover and how to interpret the magnetic field maps for
slowly rotating solar-like stars.
The paper is structured as follows: the simulations and
techniques are explained in Section 2. This includes a de-
tailed overview of the ZDI technique and the assumptions
and limitations inherent in the most common implementa-
tions of the technique in Section 2.3. We then describe our
modelling and present the ZDI fits to these model Stokes
profiles in Section 3. The results are displayed in Section 4
followed by a discussion (Sec. 5) and a summary in Section 6.
2 SIMULATIONS AND TECHNIQUES
2.1 Simulated surface magnetic fields used in the
ZDI tests
To test the reliability of the ZDI technique we use the 3D
non-potential global magnetic field simulations of Gibb et al.
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(2016). The highly resolved simulations are based on a mag-
netic flux transport model for the evolution of the photo-
sphere, coupled with a non-potential evolution model for the
corona out to 2.5 R?. To evolve the surface magnetic field the
magnetohydrodynamic induction equation is solved, where a
flux emergence pattern, usually bipolar starspot pairs, is ad-
vectively injected and sheared by the surface flux transport
processes, i.e. surface differential rotation, poleward merid-
ional flow and diffusion (Charbonneau 2014). The field of
the upper atmosphere responds to the surface processes by
evolving through a series of non-linear force-free states by
building up electric currents and free magnetic energy. Stel-
lar flux emergence profiles and rates are unknown so we
use the parametrised emergence model of Gibb et al. (2016,
sec. 3). It is based on flux emergence properties determined
by Yeates (2014), who used solar synoptic magnetograms
from the US National Solar Observatory, Kitt Peak, dur-
ing the activity maximum of cycle 23 from January 2000
to January 2001. Gibb et al. (2016) included the possibility
to change certain parameters, e.g. flux emergence rate (ER)
and differential rotation (DR). We use the simulations for
stars with the following flux emergence ER = 1, 3, 5 ER and
differential rotation rates DR = 1, 3, 5 DR5. For each star
≈ 300 vector magnetic maps are simulated over a time range
of ≈ 1 year, with a spatial resolution of 0.9375◦ at the equa-
tor. Full details of the simulations can be found in sections 2
and 3 of Gibb et al. (2016).
Although the simulations provide the 3D vector mag-
netic field up to 2.5 R?, we only use the radial, azimuthal
and meridional magnetic field map (Br, Bφ, Bθ) of the photo-
sphere in the present study. ZDI is sensitive to the magnetic
field morphology of the stellar surface as the technique has
thus far only been applied to photospheric spectral lines. We
select three stars from the simulations of Gibb et al. (2016):
the solar-like star (ER = 1 ER, DR = 1 DR), a more ac-
tive star (ER = 3 ER, DR = 3 DR) and the most active
star (ER = 5 ER, DR = 5 DR). We choose ten maps per
star, which are equally distributed across the simulated time
range. Furthermore, we calculate the averaged properties of
ten maps per star for the large- and small-scale magnetic
field and compare them with the averaged results of all 300
maps presented in Lehmann et al. (2018). We ensure that
the averages over the ten maps for each star have the same
properties as the optimal average of the 300 maps per star.
2.2 Extracting the large-scale field of the
simulated maps
The ZDI reconstructed surface maps are limited to a rela-
tively low spatial resolution compared to the much higher
resolution simulations. The difference in resolution is espe-
cially high for slowly rotating solar-like stars, as they have
low ve sin i. The decomposition of the magnetic field mor-
phology into its constituent spherical harmonics provides a
fair order-of-magnitude comparison between the simulations
and the observations, (see e.g. Vidotto 2016; Lehmann et al.
2018).
5 We refer to sections 2 and 3 of Gibb et al. (2016) for the exact
values of the solar flux emergence rate ER and the solar differ-
ential rotation DR.
By selecting a specific spherical harmonic mode ` of
the decomposed magnetic field, one chooses a corresponding
length scale, approximately described by θ ≈ 180◦/`. The
large-scale field of the simulations can be filtered by selecting
the low-order spherical harmonic modes, e.g. ` ≤ 5 or ` ≤ 10
(see e.g. Morin et al. 2010, Johnstone et al. 2014, Yadav
et al. 2015, Vidotto 2016, Folsom et al. 2016, Lehmann et al.
2017).
The reconstructed magnetic field morphologies are often
described in terms of their radial, azimuthal and meridional
components, e.g., Morin et al. (2008b, 2010); Fares et al.
(2012); Rose´n et al. (2016), or using the poloidal and toroidal
component, e.g., Petit et al. (2008); Donati & Landstreet
(2009); See et al. (2015); Vidotto et al. (2016). An additional
property is the axisymmetric component, which governs the
degree to which a particular magnetic field component is
aligned with the rotation axis.
Following Elsasser (1946) and Chandrasekhar (1961,
Appendix III) the vector magnetic field B can be written us-
ing the associated Legendre polynomial P`m ≡ c`mP`m(cos θ)
of mode ` and order m, where c`m is a normalization con-
stant:
c`m =
√
2` + 1
4pi
(` − m)!
(` + m)! . (1)
The magnetic field can then be decomposed as follows for
the radial, azimuthal and meridional component:
Br (θ, φ) =
∑
`m
α`mP`me
imφ, (2)
Bφ(θ, φ) = −
∑
`m
β`m
imP`meimφ
(` + 1) sin θ
+
∑
`m
γ`m
1
` + 1
dP`m
dθ
eimφ, (3)
Bθ (θ, φ) =
∑
`m
β`m
1
` + 1
dP`m
dθ
eimφ
+
∑
`m
γ`m
imP`meimφ
(` + 1) sin θ , (4)
so that (Br, Bφ, Bθ ) = B. The coefficients α`m, β`m and γ`m
characterise the specific magnetic field morphology (see Do-
nati et al. 2006b). The radial field (Br ) points outwards, the
azimuthal component (Bφ) increases with longitude in the
direction of rotation, and the meridional field (Bθ) increases
with colatitude from north to south. Alternatively, the mag-
netic field can also be decomposed into poloidal and toroidal
field components:
Br,pol(θ, φ) =
∑
`m
α`mP`me
imφ,
Bφ,pol(θ, φ) = −
∑
`m
β`m
imP`meimφ
(` + 1) sin θ ,
Bθ,pol(θ, φ) =
∑
`m
β`m
1
` + 1
dP`m
dθ
eimφ, (5)
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Br,tor(θ, φ) = 0,
Bφ,tor(θ, φ) =
∑
`m
γ`m
1
` + 1
dP`m
dθ
eimφ,
Bθ,tor(θ, φ) =
∑
`m
γ`m
imP`meimφ
(` + 1) sin θ , (6)
so that (Br,pol, Bφ,pol, Bθ,pol) = Bpol, (Br,tor, Bφ,tor, Bθ,tor) =
Btor and (Bpol, Btor) = B. The poloidal field is characterised
by two coefficients α`m and β`m, while the toroidal field
is only characterised by one coefficient γ`m. The sums run
from 1 ≤ ` ≤ `max and from |m| ≤ `, where `max is the
selected maximum mode of the spherical harmonic decom-
position corresponding to the smallest included length scale.
The axisymmetric modes are the modes where m = 0. Us-
ing these equations, we are able to decompose every vector
magnetic field into different length-scales, applying the al-
gorithms published by Vidotto (2016).
For further analysis we can determine the mean-squared
flux density per field component, e.g. for the radial field:
〈B2r 〉 = 14pi
∫
B2r (θ, φ) sin(θ) dθdφ. (7)
In the following we will call the mean squared flux den-
sity 〈B2〉[G2], the magnetic energy. The mean-squared flux
density is a good proxy for the magnetic energy of the sim-
ulations even if it is not exactly equivalent. For the recon-
structed maps, 〈B2〉[G2] is also often called the magnetic
energy, even though it is restricted to the net magnetic flux
per resolution element, e.g. see review of Reiners (2012).
The determination of the magnetic energy is either possi-
ble for a specific length-scale by choosing the corresponding
`-mode or for a specific sub-structure, e.g. the large-scale
field, by choosing the corresponding cumulative `Σ-modes.
The cumulative modes `Σ include all lower modes, e.g. the
cumulative `Σ ≤ 5 includes all `-modes ` = 1 to ` = 5.
2.3 Zeeman Doppler Imaging
Doppler imaging techniques have been used to reconstruct
the brightness and abundance distributions across the sur-
faces of cool stars and chemically peculiar Ap stars for over
30 years (Vogt et al. 1987). The technique relies on each
area of the visible stellar disc producing a specific Doppler-
shifted contribution to the corresponding photospheric line
profile. Spotted regions that are unevenly distributed across
the stellar disc cause Doppler-shifted distortions in photo-
spheric line profiles that are modulated with the rotation
period of the star. These modulations depend on the longi-
tude and latitude of the region and how it is oriented on the
projected stellar disc as the star rotates. The more rapidly
rotating the star, the greater its ve sin i, and the greater the
range of Doppler-shifted contributions across the stellar sur-
face; this, in turn, increases the amount of spatial informa-
tion encoded in the corresponding spectral line profiles. High
rotation rates do however pose an additional challenge in
that rotationally broadened absorption line profiles become
increasingly shallow. Doppler imaging campaigns of rapid
rotators therefore have the additional challenge of acquir-
ing data with sufficiently high S/N to detect structure ro-
bustly in the broadened line profiles while maintaining small
enough exposure times to ensure minimal phase-blurring.
In practice, while it is relatively simple to transform
from image to data space, the reverse transformation is an
ill-posed problem with a large number of spot distributions
able to fit a particular dataset within a specified level of fit.
Variable data quality in the spectral time-series and gaps
in phase coverage further exacerbate the problem. A reg-
ularising function is therefore required to obtain a unique
solution.
Different implementations of ZDI have experimented
with different regularising functions, e.g., different im-
plementations of maximum entropy (Donati & Brown
1997; Hussain et al. 2000), Levenberg-Marquardt minimi-
sation constrained by Tikhonov regularisation (Piskunov &
Kochukhov 2002), and most recently Carroll et al. (2012) re-
port an implementation of an iterative Landweber method
which aims to minimise the sum of the squared errors. We
focus on the use of maximum entropy in this study. With
maximum entropy regularisation, the image with the least
amount of information required to fit the data to a specified
χ2 value is selected.
Semel (1989) proposed the application of Doppler imag-
ing principles to circularly polarised (Stokes V) profiles to re-
cover the large-scale magnetic fields on the surfaces of mag-
netically active stars. As with Doppler imaging, this tech-
nique – called Zeeman Doppler Imaging (ZDI) – enables the
locations of magnetically active regions to be inferred by
tracing the rotationally modulating Stokes V signatures in
a spectral time-series. ZDI can also recover the vector infor-
mation of the large scale magnetic field as Stokes V profiles
are sensitive to the longitudinal component of the magnetic
field. The rotationally modulated Stokes V signatures in a
full timeseries enable us not only to pinpoint the location
but the orientation of the field.
Stokes V signatures are very weak in cool stars – even
in relatively active stars, the polarisation is typically at
∼0.1% of the continuum level. It is therefore usually nec-
essary to use a large format spectropolarimeter that cov-
ers a significant fraction of the visible spectrum in order to
collect polarisation information across thousands of photo-
spheric lines. The optical spectro-polarimeters ESPADONS
(at the CFHT), NARVAL (at TBL) and HARPS in polari-
metric mode (on the ESO 3.6-metre telescope) are the most
commonly used instruments to detect and map stellar mag-
netic fields using circularly polarised Stokes V spectra. Addi-
tionally, it is necessary to use a cross-correlation technique,
summing up the signature contained in thousands of photo-
spheric profiles across the entire large format spectrograph
to recover a robust signature with enhanced S/N (at a level
of several thousand). The two main multi-line techniques
currently used to recover robust Stokes V signatures in cool
stars are Least Squares Deconvolution (Donati et al. 1997)
and Single Value Decomposition (Carroll et al. 2012).
The first implementations of ZDI tended to decompose
the surface magnetic field into three independent field vec-
tors: radial, azimuthal (east-west) and meridional (north-
south) vectors (Donati & Collier Cameron 1997; Hussain
et al. 2000). The first targets of ZDI were rapidly rotat-
ing stars, with ve sin i values of between 50–90 km/s. Petit
et al. (2002) demonstrated that the unique properties of
Stokes V signatures also enabled large scale field maps to
be reconstructed for stars with ve sin i < 15 km/s; these tend
to be more slowly rotating stars for which brightness maps
could not be reconstructed with conventional Doppler imag-
MNRAS 000, 1–24 (2018)
Observing the simulations 5
ing, as their starspot activity is generally lower and has a
correspondingly smaller impact on the narrow absorption
line profiles. While the Stokes V signatures are very weak
in these slowly rotating, Sun-like stars compared to their
faster rotating and more magnetically active counterparts,
the maps recovered can display a range of large scale field
morphologies (Petit et al. 2002).
2.3.1 Limitations of ZDI
In this section we summarise the main assumptions and lim-
itations inherent when applying ZDI to stars with solar like
activity levels, highlighting which of these are explicitly ad-
dressed by our study.
• As Stokes V profiles are only sensitive to the longitudi-
nal component of the surface magnetic field, they are prone
to flux cancellation, particularly for stars with solar-like ac-
tivity levels, in which flux is expected to emerge in bipolar
magnetic region pairs by analogy with the Sun. What ex-
actly is being reconstructed in ZDI maps remains an open
question, and the effects of flux cancellation are expected to
worsen in more slowly rotating stars.
• The stellar inclination angle combined with the sensitiv-
ity of Stokes V profiles to the longitudinal component of the
magnetic field can lead to cross-talk between the radial and
meridional field components. Donati & Brown (1997) show
that this can affect the reconstructions of the magnetic field
at low latitudes, particularly in stars with low inclination
angles (i.e., that are more pole-on).
• As noted above, the first implementations of ZDI
mapped the large scale field by decomposing it into its con-
stituent radial, azimuthal and meridional field components.
However, these solutions could easily reconstruct physically
unrealistic solutions (e.g., monopoles). Additionally, simu-
lations revealed that simple configurations, such as dipole
fields could not be recovered. Therefore, a spherical har-
monics description has been adopted by most codes that are
currently in use (Hussain et al. 2002; Donati et al. 2006a;
Kochukhov 2015). Different spherical harmonic descriptions
of the surface field are detailed in Section 2.3.2.
• The inclination angle of the star has a clear impact
on the reconstructed maps. For stars that are seen almost
equator-on, due to the Doppler-shifted contributions from
the northern and southern hemispheres being identical, there
is often mirroring about the equator in the reconstructed
maps. For pole-on stars, conversely, as there is no contribu-
tion from most of the (obscured) stellar surface, this raises
questions of how to fill in the missing flux. By defining the
surface magnetic field in terms of spherical harmonics, it is
possible to start to fill in the field in the missing hemisphere
(assuming div B = 0). In order to investigate whether an an-
tisymmetric or symmetric field is more likely, weights can
be added to the corresponding ` modes. This has been done
very successfully to explain the polar accretion flows seen in
accreting pre-main sequence stars (Donati et al. 2011).
• All G-type stellar surfaces are expected to possess a
combination of cool dark spots and bright facular regions
(which tend to be brightest on the limb). This uneven bright-
ness distribution can affect the relative strengths of the cir-
cular polarisation profiles across these regions; indeed, the
contributions to the circularly polarised profiles from the
strongest umbral features are likely not being detectable at
all in the photospheric line profiles. In rapid rotators, mag-
netic and brightness maps can be reconstructed simultane-
ously as inhomogeneous brightness distributions can be de-
tected down to a spatial resolution that is limited by the
spectral resolution of the data, and the star’s ve sin i. How-
ever, in slowly rotating solar-type stars that are the subject
of this study, it is impossible to recover the brightness distri-
butions as starspots rotating across the stellar surface have
an almost imperceptible effect on the time-series of intensity
line profiles.
• The impact of variable quality and S/N may also af-
fect the integrity of ZDI reconstructions, particularly when
comparing maps for the same star taken at various stages
of its activity cycle (e.g., τ Boo; Mengel et al. 2016). To
address this problem and to ensure consistent results across
datasets of different quality for the same star, a robust stop-
ping criterion, such as that proposed by Alvarado-Go´mez
et al. (2015) would be essential. The minimum useful phase
coverage likely depends on the maximum attainable resolu-
tion of the reconstructed map, which as mentioned earlier
also depends on the ve sin i of the star.
2.3.2 Comparing the different descriptions of the
magnetic field
The Zeeman-Doppler-Imaging techniques can use different
descriptions of the large-scale field to reconstruct the stel-
lar magnetic field. They have been tested and compared for
simple magnetic fields or single spot configurations (see e.g.
Donati & Brown 1997; Hussain et al. 2001) or by fitting
the observed Stokes V profiles (see e.g. Hussain et al. 2002;
Donati et al. 2006a; Kochukhov & Wade 2016).
In this section, we compare four different descriptions
of the magnetic field using as input data the non-potential
3D magnetic field simulations. At this point we are not pro-
ducing ZDI reconstructions using these different field de-
scriptions. We are testing the reconstruction abilities of the
different field descriptions directly on our simulations. This
allows us to investigate which descriptions are most effective
when reconstructing the magnetic field morphology of our
different surface vector magnetic field simulation, without
considering any other aspect of the ZDI.
We compare four different descriptions based on the
spherical harmonic decomposition, including two potential
and two non-potential models. We have not taken into ac-
count the direct ZDI approach that fits independent mag-
netic structures directly to the Stokes profiles. The direct
ZDI approach causes non-physical div B , 0 field configu-
rations, as the different field components are not related to
each other. We test therefore only the descriptions that are
based on the spherical harmonic decomposition, where the
magnetic field components are related to each other and fol-
low Maxwell’s Equations. The spherical harmonic decom-
position, see Eq. 2-4 in Section 2.2, uses the coefficients
α`m, β`m and γ`m to specify the field structure. The differ-
ent descriptions require different coefficients. The potential
model requires γ`m = 0, which leads to a purely poloidal
field configurations as the toroidal field Btor = 0 (see Eq. 6).
The non-potential models allows γ`m , 0, so that γ`m can
be fitted to the field structure and Btor , 0. Further de-
scriptions force α`m = β`m as this allows the extrapolation
MNRAS 000, 1–24 (2018)
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Input map Potential α = β Original map
(Visible surface) (Complete surface)
Figure 1. The Mollweide projected magnetic field maps of the different descriptions of the magnetic field for the solar-like star (ER = 1 ER
and DR = 1 DR). The radial component is displayed in the top row, the azimuthal in the middle row and the meridional component at
the bottom row. From left to right : the input map with a restricted large-scale field to `Σ = 7 and truncated latitudes corresponding to
an inclination of i = 20◦, the potential (α`m = β`m) reconstruction and the original simulated maps for `Σ = 7.
of the magnetic field from the stellar surface to the corona,
(Hussain et al. 2002; Jardine et al. 2013) but this approach
reduces the degree of freedom, as also seen with the potential
models.
We compare the following descriptions of the magnetic
field:
• potential α`m = β`m: This model has the fewest de-
grees of freedom as α`m = β`m and γ`m = 0.
• potential α`m , β`m: This model gains one degree of
freedom by allowing α`m , β`m but still requires γ`m = 0.
It should be able to better fit the meridional and azimuthal
field components (see Hussain et al. 2001).
• non-potential α`m = β`m: This model allows γ`m , 0
and therefore a toroidal field component by providing the
possibility to extrapolate the field structure from the stellar
surface to higher atmospheres (see Hussain et al. 2002).
• non-potential α`m , β`m: This model has the maxi-
mum number of degrees of freedom by allowing α`m , β`m
and γ`m , 0 and should perfectly reconstruct the magnetic
field structure at the surface (see e.g. Donati et al. 2006a).
We examine the simulated large-scale field of all 30 stel-
lar maps for the cumulative `Σ ≤ 7 modes. The latitudes that
are invisible due to the inclination effect are truncated, see
Fig. 1-3, left column. The input map represents therefore
the maximum possible field that is observable with ZDI. We
reconstruct the magnetic field map for `Σ ≤ 7 using the Vi-
dotto et al. (2016) method based on the Eq. 2-4 by altering
the coefficients α`m, β`m and γ`m depending on the model,
see Fig. 1-3, middle columns. We compare the reconstructed
magnetic field of the different models with the original map
(simulated large-scale field `Σ ≤ 7 without truncated lati-
tudes), see Fig. 1-3, right column. Additional figures using
the same format can be found in the appendix, see Fig. A1-
A2. We further compute the correlation coefficient between
the reconstructed maps and the original map.
In general, we find that the non-potential α`m , β`m
model is always able to reconstruct the original map to a
satisfactory, i.e. level showing the highest correlation coeffi-
cients. The spherical harmonics description even predicts the
magnetic field morphology in the invisible (obscured) hemi-
sphere to a certain extent, which gives a higher agreement
between reconstructed and original maps than the input and
original maps. The other models often miss essential field
structures. The potential α`m = β`m is the worst as expected
from the degrees of freedom. From a mathematical point of
view, the first three descriptions are not able to reconstruct
the input magnetic field. The limitations of α`m, β`m and
γ`m prevent the reconstruction of essential structures of the
input magnetic field morphologies, so that no ZDI code us-
ing these descriptions will be able to reconstruct the correct
field morphology of these input maps. Nevertheless, we find
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that some of the simulated magnetic field morphologies are
able to be reconstructed to a convincing level by the more
restricted models.
Specifically, the radial component is the same for all
four models as the reconstruction of the radial field only de-
pends on the coefficient α`m, see Eq. 2. The radial field is
therefore always equally well reconstructed regardless of the
description and reaches correlation coefficients higher than
0.98 for inclination 60◦ and 0.9 for inclination 20◦. The az-
imuthal field component can be reconstructed with the po-
tential models for some of the solar case simulations. Fig. 1
shows an example, where the azimuthal field (middle row)
reconstruction is acceptable for the potential α`m = β`m
model. Fig. A1 in the appendix displays an example where
the potential α`m = β`m model is no longer able to fit the
azimuthal component, but the potential α`m , β`m model is.
As the stars become more active (increasing the flux emer-
gence rate and differential rotation) the potential model be-
comes increasingly inadequate. The correlation coefficients
for both potential models decrease while the correlation co-
efficients for both non-potential models increase with the ac-
tivity level of the star. Fig. A2 in the appendix shows an ex-
ample for a more active star (ER = 3 ER and DR = 3 DR),
where the potential models are no longer acceptable, but
the non-potential α`m = β`m model is. For the most active
stars (ER = 5 ER and DR = 5 DR) only the non-potential
α`m , β`m model can fit the azimuthal input map, see Fig. 2.
To reconstruct the meridional component the non-potential
α`m , β`m is often the only satisfactory model. The correla-
tion coefficient decreases by 10-20 % per degree of freedom,
independent of the activity level of the star. We find that the
meridional component benefits from allowing α`m , β`m, see
Fig. 2 bottom row.
The inclination also affects the reconstruction as de-
pending on the inclination angle a part of the southern hemi-
sphere is hidden. The correlation coefficients increase by 10-
20 % from inclination 20◦ to 60◦. The field reconstructions
for the more active stars are often widely affected by the
inclination effect. The large-scale fields of the active stars
mainly consist of two azimuthal band-like structures at mid
latitudes with opposite polarity on the two hemispheres, see
Fig. 3. At low inclination the structure of the southern band
is missing, see Fig. 2, so that the true large-scale morphology
is hidden from the observer.
MNRAS 000, 1–24 (2018)
8
L
.
T
.
L
ehm
an
n
et
al.
Input map Potential α = β Potential α , β Non-potential α = β Non-potential α , β Original map
(Visible surface) (Complete surface)
Figure 2. The Mollweide projected magnetic field maps of the different descriptions of the magnetic field for the most active star (ER = 5 ER and DR = 5 DR, i = 20◦). From left
to right : the input map including `Σ = 7 and truncated latitudes corresponding to an inclination of i = 20◦, the potential (α`m = β`m), the potential (α`m , β`m), the non-potential
(α`m = β`m), the non-potential (α`m , β`m) reconstruction and the original simulated maps for `Σ = 7. The format is the same as in Fig. 1.
Input map Potential α = β Potential α , β Non-potential α = β Non-potential α , β Original map
(Visible surface) (Complete surface)
Figure 3. Mollweide projected magnetic field maps of the different descriptions of the magnetic field for the same star and map as in Fig. 2 but for a higher inclination angle i = 60◦
(ER = 5 ER and DR = 5 DR, i = 60◦). The format is the same as in Fig. 2.
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2.3.3 ZDI Testing: Our Implementation
As described in Section 2.3.1, ZDI has a number of limi-
tations. In particular, the spatial resolution of the recon-
structed maps is determined by a combination of the ve sin i
of the star, the instrumental spectral resolution, along with
the phase coverage, with the lowest spatial resolutions for
stars with similar ve sin i values as the Sun (∼ 1.5 km/s). We
use the models described in Section 2.1 to simulate realistic
Stokes V datasets for these types of stars. We first compute a
rotation period commensurate with the activity level in each
of our selected models to derive the corresponding ve sin i of
our test datasets.
For each of our simulated stars, we generate a time-
series of Stokes V profiles using 25 phases that evenly sample
the full stellar rotation period. Our reconstructions do not
therefore investigate the effect of gaps in phase coverage and
our reconstructions are carried out under the assumption
that the large scale field does not change significantly over
one stellar rotation period.
We investigate the effects of missing flux from the ob-
scured hemisphere by considering two sets of stellar incli-
nation angles: the first set of models has a 60◦ inclination
angle – i.e., there should be contributions to the Stokes V
profiles from the large-scale field down to ∼ −30◦ latitude.
These are compared with reconstructions for stars that are
significantly more pole on – with inclination angles of 20◦ –
in which the signal is dominated by the polar regions.
The aim of our tests is to determine how much of
the large-scale field can be robustly reconstructed in solar-
type stars, given the issues with flux cancellation and ob-
scured hemisphere outlined earlier. We explore how the re-
constructed field compares to the field in our input models,
including a detailed comparison between the global prop-
erties in the reconstructed field and the properties of the
large scale field in the input models. All spherical harmonic
modes that are allowed are essentially weighted equally so
the reconstructions test the effect that the maximum entropy
regularisation has when applied to the spherical harmonic
descriptions described in the previous section.
As our models are limited to slowly rotating stars with
solar-type activity levels, the varying contribution from ro-
tating spot and facular regions does not leave a detectable
signature in the intensity profiles. Therefore our analysis is
limited to a study of the magnetic field only, and cannot
address the potential issue of inhomogeneous brightness dis-
tributions affecting the circularly polarised profiles described
in Section 2.3.1.
3 THE MODULATION AND THE FITTING OF
THE STOKES PROFILES
3.1 Modelling the Stokes V profiles
We model the Stokes I and V profiles for each of the 10
randomly selected maps using three different stellar activity
models at two inclination angles (i = 20◦ and 60◦). This gives
a total of 60 time-series of Stokes I and V spectral profiles.
The local Stokes I profile is generated assuming an in-
trinsic line profile modelled as a Gaussian with parameters
that were fine-tuned to match that of the slowly rotating
solar analogue, 18 Sco. The local Stokes V profile for each
Table 1. The rotation periods, ve sin i and averaged SNR for the
analysed stars for both inclinations. The stars are characterised
by their flux emergences rate (ER) and their differential rotation
(DR) in solar terms.
ER DR Prot ve sin i ve sin i SNR SNR
[ER] [DR] [d] [km/s] [km/s]
i = 20◦ i = 60◦ i = 20◦ i = 60◦
1 1 27.00 0.64 1.62 1 550 000 550 000
3 3 19.00 0.91 2.31 370 000 340 000
5 5 17.00 1.02 2.58 160 000 200 000
element across the stellar disc is modelled as the derivative
of the local Stokes I profile.
We model the disc-integrated Stokes I and V profiles
from the fully resolved simulated surface field maps using
the rotation periods of the simulated stars6 and the corre-
sponding ve sin i, see Table 1. As described above, we use
a local profile, and assume a fixed number of 30 velocity
bins, ranging from −20 km/s to 20 km/s. Each time-series
consists of 25 sets of Stokes IV profiles corresponding to
25 equally spaced observational phases. As explained ear-
lier, the brightness distribution cannot be reconstructed for
slowly rotating stars with activity levels similar to our mod-
els, so we assume uniform brightness when generating the
disc-integrated Stokes I and V profiles.
We add Gaussian noise to our simulated profiles. Pub-
lished maps of similarly active stars are based on noise
levels of between 3-5% of the maximum amplitude of the
Stokes V signature, which is in line with several observa-
tional datasets, e.g.,  Eri (Jeffers et al. 2014), 61 Cyg A
(Boro Saikia et al. 2016). As the amplitudes of the Stokes
V signatures can vary by well over an order of magnitude in
our simulated datasets, keeping the SNR constant across the
simulated sample would result in a much larger relative noise
level in the least active models compared to the most active
models. We therefore decided to inject a noise level corre-
sponding to 3 % of the maximum signature in each of our
datasets. This corresponds to a continuum SNR of 3 560 000
and 100 000 in our least and most active sets of models, re-
spectively – we note that these are particularly high SNR as
they are based on simulations. This leads to the time-series
for even our most active model having an absolute SNR that
is ∼25% higher than that typically found in datasets of solar-
activity stars that are used for ZDI. A full list of the average
SNR for each stellar model (including inclination angle) is
displayed in Table 1.
3.2 The effect of ve sin i on the resolution of the
Stokes V profiles
Before applying ZDI to our simulated Stokes V profiles, we
investigate the impact of the ve sin i and of the spatial res-
olution of the input map on the Stokes V profiles. The de-
composition of the highly resolved simulated magnetic field
maps provides a unique opportunity to analyse the influ-
ence of magnetic structures of different length scales on the
6 See Lehmann et al. (2018, section 2.2) for the determination of
the rotation periods.
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Stokes V profiles. We want to estimate at which length
scale magnetic structures no longer contribute to the ob-
served Stokes V profiles by modelling the Stokes V profiles of
magnetic maps including an increasing number of `Σ-modes,
evaluating the length-scale beyond which the Stokes V pro-
files do not change significantly. The Stokes V profiles are
therefore “blind” to magnetic structures smaller than the
length scale related to this threshold `-mode. This is highly
dependent on the ve sin i of the star, as the ve sin i has a di-
rect impact on the amount of spatial information that can
be resolved with Doppler Imaging techniques.
We model the Stokes V profiles for the three stellar ac-
tivity models, using 10 maps selected over a timeframe of a
year, with the input maps including modes `Σ = 1, 2, . . . , 28.
We spin up the stars to artificially high rotation peri-
ods of Prot ≈ 11 to ≈ 0.5 days, which leads to values of
ve sin i = 4− 90 km/s, i = 60◦, see Table 2. We also investigate
the effects of inclination by modelling profiles assuming in-
clination angles of 60◦ and 20◦, see Table 2. Fig. 4 shows
the Stokes V profiles for three different ve sin i for a solar
map with an inclination of 20◦ (top row) and for the most
active star (ER = 5 ER and DR = 5 DR) with an inclina-
tion of 60◦ (bottom row). The colour of the Stokes V profiles
indicates which `Σ-modes are included (see colour bar on
the right). We note that for the low ve sin i ≤ 5 km/s, the
Stokes V profiles does not change when including modes
higher than `Σ = 5. With increasing ve sin i, the threshold
`Σ also increases, e.g. `Σ = 15 for ve sin i = 24 km/s. Further-
more, the inclination influences the structure of the Stokes V
profiles, as for low inclination only the polar magnetic field
region (which tends to look simpler) is visible, while for high
inclinations, the more structured equatorial region can be
detected.
To quantify the influence of the included `Σ-modes, we
determine the correlation coefficient between two Stokes V
profiles (V`Σ ) of successive `Σ-modes and averaged them over
the ten maps per star (nmap = 10),
C`Σ,map = correlate
(
V`Σ,map,V`Σ+1,map
)
, (8)
C`Σ =
∑nmap
Map=1 C`Σ,map
nmap
. (9)
We calculate C`Σ for several Prot (see Table 2) and plot C`Σ
against `Σ for each star and the higher inclination angle
i = 60◦ in Fig. 5. The results for the lower inclination an-
gle i = 60◦ can be found in the appendix, see Fig. A3. The
colour becomes lighter with decreasing Prot (i.e. more rapid
rotation). A correlation coefficient of C`Σ = 1 indicates that
the Stokes V profiles of that mode `Σ and the following mode
`Σ+1 are identical, so that the Stokes V profiles are blind for
magnetic structures of the corresponding length scale and
smaller. The correlation coefficients are higher for i = 20◦
compared to the values for i = 60◦ due to the lower ve sin i
and the less complex structures at the poles. An observer
can only observe magnetic structures for ` ≤ 5 − 7 which
correspond to an angular resolution of θ ' 36◦ − 25.7◦ for
low inclination angle of 20◦ and Prot ≥ 1.8 days. Also for a
higher inclination of 60◦ an observer can only resolve struc-
tures ` ≤ 5 − 7 for the slow rotators with Prot ≥ 3.6 days.
For the faster rotators with Prot ≤ 1.8 days we can resolve
structures down to ` = 15 corresponding to an angular res-
olution of θ ≈ 12◦ and for the very fast rotators structures
Table 2. The artificially increased rotation periods and the cor-
responding velocities ve and ve sin i for investigating the effect of
ve sin i on the resolution of the Stokes V profiles.
Prot ve ve sin i ve sin i
[d] [km/s] [km/s] [km/s]
i = 20◦ i = 60◦
10.95 4.62 1.58 4.00
5.48 9.24 3.16 8.00
3.65 13.86 4.74 12.00
2.74 18.48 6.32 16.00
2.19 23.10 7.90 20.00
1.83 27.70 9.48 24.00
0.49 104.00 35.54 90.00
down to a few degree sizes. The correlation coefficients for
the most active star (ER = 5 ER, DR = 5 DR), i = 60◦,
show a zig-zag pattern for the lower rotation periods, see
Fig. 5 right. The large-scale magnetic field structure of this
star is dominated by two toroidal bands of opposite polar-
ity. That signature is best captured by the even `-modes.
The inclusion of even `Σ modes causes a larger difference to
the Stokes V profiles (lower correlation coefficients) than the
inclusion of additional odd `Σ.
3.3 Fitting the Stokes V profiles
We then proceed with applying ZDI to our simulated
Stokes V profiles and try to find the best agreement with
these input datasets. Fig. 6 presents our ZDI fits to the
Stokes V profiles for one example map per stellar activity
model and inclination. The black lines represent the noisy
Stokes V profiles generated using the fully resolved simu-
lated maps and the red lines are our best fit using ZDI. The
blue lines (mostly hidden behind the red lines of the ZDI
fits) show the noise-free Stokes V profiles for comparison.
The observational phases are written to the right of the sin-
gle profiles. ZDI fits the noisy Stokes V profiles very well. On
average we achieve a reduced χ2r ≈ 3. Our best fit reaches a
χ2r = 1.05 and only four out of 60 maps had a χ2r ≥ 5. Our
degree of fit is comparable to the degree of fit for observa-
tions, e.g. for the solar-like stars ε Eri and HN Peg (Jeffers
et al. 2014; Boro Saikia et al. 2015). In most cases the ZDI
reconstructed profiles (red lines) fit the noise-free simulated
Stokes V profiles (blue lines) although we apply the ZDI fit-
ting onto the noisy Stokes V profiles (black line). The two
different inclinations show no significant effect on the degree
of fitting.
MNRAS 000, 1–24 (2018)
Observing the simulations 11
1ERSun 1DRSun
−20 −10 0 10 20
velocity [km/s]
−6×10−5
−4×10−5
−2×10−5
0
2×10−5
4×10−5
6×10−5
St
ok
es
 V
 in
te
ns
ity
Prot = 10.95 d
i = 20o
v sin i = 1.58 km/s
1ERSun 1DRSun
−20 −10 0 10 20
velocity [km/s]
−6×10−5
−4×10−5
−2×10−5
0
2×10−5
4×10−5
6×10−5
St
ok
es
 V
 in
te
ns
ity
Prot = 3.65 d
i = 20o
v sin i = 4.74 km/s
1ERSun 1DRSun
−20 −10 0 10 20
velocity [km/s]
−6×10−5
−4×10−5
−2×10−5
0
2×10−5
4×10−5
6×10−5
St
ok
es
 V
 in
te
ns
ity
Prot = 1.83 d
i = 20o
v sin i = 9.48 km/s 5
10
15
20
25
In
cl
ud
ed
 l Σ
5ERSun 5DRSun
−20 −10 0 10 20
velocity [km/s]
−0.0002
−0.0001
0.0000
0.0001
0.0002
St
ok
es
 V
 in
te
ns
ity
Prot = 10.95 d
i = 60o
v sin i = 4 km/s
5ERSun 5DRSun
−20 −10 0 10 20
velocity [km/s]
−0.0002
−0.0001
0.0000
0.0001
0.0002
St
ok
es
 V
 in
te
ns
ity
Prot = 3.65 d
i = 60o
v sin i = 12 km/s
5ERSun 5DRSun
−20 −10 0 10 20
velocity [km/s]
−0.0002
−0.0001
0.0000
0.0001
0.0002
St
ok
es
 V
 in
te
ns
ity
Prot = 1.83 d
i = 60o
v sin i = 24 km/s 5
10
15
20
25
In
cl
ud
ed
 l Σ
Figure 4. The Stokes V profiles of an example phase modelled from a map of the solar-like star observed at i = 20◦(top row) and from
a map of the most active star (ER = 5 ER, DR = 5 DR) observed at i = 60◦ (bottom row). These are representative of the changes seen
over the entire time-series in each case. The rotation periods are artificially increased (from left to right) and the Stokes V profiles are
generated by including more and more `Σ-modes, i.e. smaller scale structures, of the input map (see colour bar on the left).0 5 10 15 20 25
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Figure 5. The correlation coefficient C`Σ between two successive `Σ-modes for the three different stars (left to right) and the higher
inclination i = 60◦. The colour of the curves indicates the applied rotation period.
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Figure 6. Six example sets of Stokes V profiles (one per inclination and stellar model) showing the fit of the Stokes V profiles modelled from the fully resolved input map with ZDI.
In each case, the thick solid black line is the noisy Stokes V profile, that is fitted with ZDI. The red line is the resulting ZDI fit and the blue line (mostly behind the red line) is the
noise-free Stokes V profile of the fully resolved input map. The dotted black line is the null-line. The phases are written to the right.
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4 RESULTS
In this section we analyse of the ability of the ZDI technique
to reproduce the input 3D non-potential magnetic field sim-
ulations of solar-like stars.
4.1 Comparing the input maps with the ZDI
reconstructions
At first, we compare the input maps and the large-scale field
of the input maps with the reconstructed ZDI maps. One ex-
ample map per stellar model and inclination is plotted in the
Figs. 7-8b. These figures show Mollweide projected maps for
the radial (top row), azimuthal (middle row) and meridional
field components (bottom row) for one of the ten maps for the
solar-like star (ER = 1 ER, DR = 1 DR, Fig. 7), the more
active star (ER = 3 ER, DR = 3 DR, Fig. 8a) and the most
active star (ER = 5 ER, DR = 5 DR, Fig. 8b). Figs. 7-8b
present the simulated input map from which the ZDI fit-
ted Stokes V profiles are generated in the first column. The
second and third columns show the large-scale field of the
simulated input map restricted to `Σ = 7 and 5, respectively.
The two last columns display the reconstructed ZDI maps
for an inclination i = 60◦ (4th column) and for an inclination
i = 20◦ (5th column). Note that the maps are plotted with
three different colour bars for the simulated input map, the
large-scale field maps and the ZDI reconstructed maps. It is
more instructive to focus on a comparison of the morphol-
ogy and not on the colourscale, as clearly the reconstructions
recover much less field than is originally input. The ZDI re-
constructed maps presented in Figs. 7-8b correspond to the
Stokes V profile fits shown in Fig. 6; these represent typical
fits for the lower and higher activity models, and the best
fits for the moderate activity model.
In general, the ZDI reconstructed maps look very differ-
ent from the simulated input maps. In the simulated input
maps (Figs. 7-8b, 1st column) the small-scale field struc-
tures originating from the active regions dominate, whereas
the ZDI reconstructed maps (Figs. 7-8b, 4th and 5th col-
umn) only show large-scale field. As shown in Section 3.2,
the Stokes V profiles only provide information about the
large-scale field especially in slowly rotating stars, and miss
the small-scale field. It is therefore advisable to compare the
ZDI reconstructed maps with the large-scale field of the in-
put maps, (Figs. 7-8b, 2nd and 3rd column). We allowed the
ZDI code to use `-modes up to ` = 7 but find that most of
the information in the reconstructions is concentrated in the
`-modes ` = 1− 5, so we present comparisons with the input
large-scale field maps restricted to both `Σ = 7 and 5. ZDI
consistently recovers significantly less magnetic field than
the large-scale field of the input maps, which is likely due to
flux cancellation in the Stokes V profiles. Here, we compare
the magnetic field values averaged over the whole surface,
not only the maximum visible surface of the input maps
(i.e. we do not account for inclination effects). Accounting
for inclination would reduce the magnetic field values of the
input map by a few percent.
The ZDI reconstructed maps for the solar-like star
(ER = 1 ER, DR = 1 DR, Fig. 7) show significantly differ-
ent morphologies for the two different inclinations, with the
low inclination reconstructions showing much less structure
in all three vector components. The ZDI reconstructions at
higher inclination (i = 60◦) show a much better agreement to
the large-scale field of the input than the reconstruction for
the lower inclination i = 20◦, with the main features of the
large-scale field `Σ = 5 of the northern hemisphere recovered
down to the equatorial region. The reconstructed azimuthal
field also recovers most of the main features of the northern
hemisphere, but with a higher uncertainty. The meridional
field is affected by crosstalk with the radial field and shows
the least agreement as expected (Donati & Brown 1997).
The low inclination maps are restricted to the polar view
and a worse spatial resolution as the inclination leads the
ve sin i to be reduced from ve sin i = 1.62 km/s (for i = 60◦)
to ve sin i = 0.64 km/s. With these very low ve sin i values we
are limited by the thermal width of the line profile as well
as the spectral resolution of the instrumentation.
The ZDI reconstructed maps for the more active star
(ER = 3 ER, DR = 3 DR, Fig. 8a) show a higher agree-
ment to the large-scale field of the input compared to the
solar-like star. In particular, the radial map for the higher
inclination star shows remarkably good agreement with the
large-scale field `Σ = 5, Fig. 8a (top row, 3rd and 4th col-
umn). All features of the large-scale field are reconstructed
by ZDI down to south of the equatorial region. Remember
that two different colour scales are applied by comparing the
two maps. The main features of the azimuthal and merid-
ional field maps are also recovered, though less accurately
than in the radial map. The meridional vector is less affected
by crosstalk compared to the solar-like star map. As there is
an increased contribution in the input meridional field map
at this activity level compared to the solar-like star, there is
a stronger contribution from this component to the Stokes V
profile. The ZDI reconstruction at lower inclination (Fig. 8a,
5th column) displays worse spatial resolution, and is more
restricted to the structure in the northern hemisphere; there
is still an acceptable agreement with the large-scale field in
the input map.
The reconstructed ZDI maps for the most active star
(ER = 5 ER, DR = 5 DR, Fig. 8b) generally show good
agreement with the large-scale field of the input maps,
Fig. 8a shows a particularly good example of this. The ZDI
reconstruction for the higher inclination shows poorer spatial
resolution than expected from the large-scale field `Σ = 5 of
the input maps. The ZDI reconstruction at lower inclination
shows less structure. It is particularly noticeable that the az-
imuthal field is very well constrained. It becomes dominant
and displays a strong belt of negative polarity on the north-
ern hemisphere. This azimuthal field gains more structure as
the inclination increases. This strong ring also dominates the
Stokes V profiles, especially at low inclination, see Fig. 6, 5th
and 6th panel. The original input map (Fig. 8b, 1st column)
of this active star shows many active regions, which have
a predominantly negative polarity in the azimuthal field in
the northern hemisphere, and a predominantly positive po-
larity on the southern hemisphere. The global properties of
this flux emergence pattern (two azimuthal bands of op-
posite polarity at mid latitudes) shape the large-scale field
`Σ = 5 and are therefore dominant in the ZDI reconstruction.
In particular for the low inclination where the star is seen
nearly pole-on, ZDI is most sensitive to magnetic features,
as the polar region contains relatively low levels of magnetic
flux.
To summarise: ZDI recovers the visible structure of the
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large-scale field morphology of solar-like stars but loses the
magnetic field strength. Limiting the original input maps to
the large-scale field via the spherical harmonic decomposi-
tion (see Lehmann et al. 2017; Lehmann et al. 2018) provides
a very good approximation of the magnetic field morphol-
ogy structure that will be recovered by ZDI. Although ZDI
is allowed to use `-modes up ` = 7 it recovers structures
up to ` ≤ 5 most of the time. All 60 analysed maps show
significantly lower magnetic field strengths than the corre-
sponding large-scale field of the input maps, see also Section
4.2. Furthermore, ZDI is affected by the inclination: a lower
inclination (pole-on view) reduces the spatial resolution and
further restricts the view to one hemisphere.
MNRAS 000, 1–24 (2018)
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Figure 7. The Mollweide projected magnetic field maps for one example of the solar-like star (ER = 1 ER and DR = 1 DR). From left to right : the simulated fully resolved simulated
input map, the large-scale field of the simulated input map for `Σ = 7 and 5 compared with the ZDI reconstructed maps applying an inclination of 60◦ and 20◦. The radial component is
displayed in the top row, the azimuthal in the middle row and the meridional component in the bottom row.
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a. Input simulation Large-scale field of the input simulation ZDI reconstruction
(Full resolution) (`Σ = 7) (`Σ = 5) (i = 60◦) (i = 20◦)
b. Input simulation Large-scale field of the input simulation ZDI reconstruction
(Full resolution) (`Σ = 7) (`Σ = 5) (i = 60◦) (i = 20◦)
Figure 8. The Mollweide projected magnetic field maps for a. one example of the more active star (ER = 3 ER and DR = 3 DR) and b. for one example of the most active star
(ER = 5 ER and DR = 5 DR). The format is the same as for Fig. 7.
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4.2 Recovering the large-scale field properties
By comparing the large-scale field of the input maps with
that in the ZDI reconstruction we find that ZDI recovers
significantly less magnetic field than input, see Figs. 7-8b.
We analyse this further by computing the mean-squared
flux density 〈B2〉[G2] of the poloidal and toroidal field for
the large-scale field input maps and the corresponding ZDI
maps, see Fig. 9. The mean-squared flux density is a good
proxy for the magnetic energy7. Fig. 9 plots the toroidal
against the poloidal energy. The top panel, Fig. 9a, shows
the full range of energy values, set by published maps of cool
stars, and the bottom panel, Fig. 9b, provides a detailed
view over the energy range set by our models and maps.
The grey symbols represent the observed maps of cool stars
collected by the Bcool and Toupies surveys, and were pub-
lished by Petit (in preparation); Boro Saikia et al. (2015);
do Nascimento et al. (2014); Donati et al. (2003, 2008b);
Fares et al. (2009, 2010, 2012, 2013); Folsom et al. (2016);
Morin et al. (2008b,a, 2010); Jeffers et al. (2014); Petit et al.
(2008); Waite et al. (2011). Stars with masses smaller 0.5 M
are plotted as pentagons, stars with masses equal or higher
than 0.5 M as squares. The coloured symbols represent our
analysed maps. The circular symbols stand for the large-
scale field of the input maps, i.e. truncating the simulation
map up to mode `Σ = 7, and the triangular symbols for their
ZDI reconstructed maps, where the normal triangles displays
the ZDI reconstructions for an inclination of i = 60◦ and the
up-side-down triangles the ZDI reconstructions for an incli-
nation of i = 20◦. The magnetic energy values of the input
maps are calculated for the whole surface not acounting for
obscuration due to inclination effects. The colour indicates
the activity level of the star: blue for the maps of the solar-
like star, purple for the maps of the more active star with
ER = 3 ER and DR = 3 DR and red for the maps of the
most active star with ER = 5 ER and DR = 5 DR. We
present the results of the ten single maps per star (fainter
coloured symbols) and their average (stronger coloured and
black bordered symbols), see also legend in Fig. 9a. The
dashed line indicates equal poloidal and toroidal energies.
The large-scale field of the 3D non-potential flux trans-
port simulations show similar values for the poloidal and
toroidal magnetic energy to the published ZDI maps of solar-
like stars (see Lehmann et al. 2018 for the full analysis).
The ZDI reconstructed maps (triangles) still lie within the
spread of the observations but show approximately one or-
der of magnitude less magnetic energy in both components
compared to the large-scale field of the input maps (cir-
cles), see Fig. 9b. For both high and low inclination an-
gles, ZDI reconstructions seems to follow the power law
〈B2tor〉 ∝ 〈B2pol〉1.25±0.06 found by See et al. (2015) for stars
with masses equal or higher than 0.5 M. ZDI recovers the
trends with activity but with systematically lower magnetic
energies. The Fig. 9b provides a closer view of these results.
We note that the spread of the ten maps per star is larger for
the ZDI reconstructions (triangles) than for the input maps
7 The mean squared flux density 〈B2 〉[G2] is not exactly equiva-
lent but often referred as magnetic energy, see e.g. the review from
Reiners (2012). Be aware that 〈B2 〉[G2] for the reconstructions is
restricted to the net magnetic flux of the resolution elements.
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Figure 9. The toroidal against the poloidal magnetic energy for
the observed cool stars (grey symboles), the simulated input stars
with `Σ = 7 (circles) and the ZDI reconstructed maps for inclina-
tion i = 60◦ (triangle) and i = 20◦ (upside down triangle). The
colour indicates the activity of the star: blue for the solar-like
star (ER = 1 ER and DR = 1 DR), purple for the more active
star (ER = 3 ER and DR = 3 DR) and red for the most active
star (ER = 5 ER and DR = 5 DR). We plot all ten maps per
star with a fainter colour and smaller symbol size and the aver-
age over the ten maps per star with the bolder colour and larger
symbol size. The dashed line indicates the unity line. a. The full
parameter range covered by the observations. b. A zoom in to the
parameter range covered by the input and reconstructed maps.
(circles) but smaller than the spread in the ZDI maps ob-
tained from observations. The ZDI reconstructions for higher
inclinations (equator on, normal triangles) show closer val-
ues to the large-scale field of the input maps. Furthermore,
we see that with lower inclination, less poloidal energy tends
to be reconstructed, and for the more active stars a slightly
higher amount of toroidal energy is recovered compared to
higher inclinations.
MNRAS 000, 1–24 (2018)
18 L. T. Lehmann et al.
0 20 40 60 80 100
0
20
40
60
80
100
Toroidal (% total)
Ax
is
ym
m
et
ric
 (%
 to
tal
)
Co
lo
ur
: 
ER
 [E
R S
un
]
D
R
 [D
R S
un
] 1
3
5
Shape: 
Obser-
vations
Input
ZDI (i=60o)
ZDI (i=20o)
mean single
maps
a.
0 20 40 60 80 100
0
20
40
60
80
100
Axisymmetric Toroidal (% toroidal)
Ax
is
ym
m
et
ric
 P
ol
oi
da
l (%
 po
loi
da
l)
b.
Figure 10. The percentage of axisymmetric fraction against the
percentage of toroidal fraction (a.) and the percentage of the ax-
isymmetric poloidal fraction against the percentage of the ax-
isymmetric toroidal fraction (b.) for the observation, large-scale
field input maps and ZDI reconstruction presented in Fig. 9. The
same format as in Fig. 9 is used.
Fig. 10a shows the axisymmetric fraction of the field
against the toroidal fraction using the same data and for-
mat as in Fig. 9. The ZDI reconstructed maps lie again in
the same parameter range as the observations. They also fol-
low the trend found by See et al. (2015): the more toroidal
the field morphology, the more axisymmetric it tends to be.
For the solar-like star (blue symbols) the fraction of axisym-
metric and toroidal field are well recovered within in ±20%
for both inclinations, but the more active the star the more
ZDI tends to overestimate the percentage of axisymmetric
and toroidal field. This trend is enhanced by the effect of
inclination, with ZDI reconstructing even higher values for
toroidal and axisymmetric fields at lower inclination.
Fig. 10b displays the axisymmetric poloidal fraction and
the axisymmetric toroidal fraction using the same data and
format as in Fig. 9. The axisymmetry of the poloidal field is
well recovered for the higher inclinations (normal triangles)
but the more active the star the more is the axisymmet-
ric toroidal fraction overestimated. For the lower inclination
(up-side-down triangles) we see that the more active the star
is, the more the axisymmetric poloidal field is overestimated
and that the axisymmetric toroidal field is in general 40-50%
higher than excepted.
The overestimation of the toroidal and axisymmetric
fraction especially for the active stars and lower inclinations
is likely due to the projection effects of the large-scale field
structure originating from the global properties of the flux
emergence pattern. As described for the most active star in
Section 4.1, and as shown in Fig. 8b, ZDI identifies a pre-
dominantly an azimuthal ring of negative polarity on the
northern hemisphere. This field structure is highly axisym-
metric and toroidal. The more active the star and the lower
the inclination angle, the more the azimuthal toroidal ring
dominates the Stokes V profiles and ZDI struggles to recover
the details of the relatively low contrast smaller-scale field
on top of the azimuthal toroidal ring. This is likely a conse-
quence of the maximum entropy regularisation within ZDI,
which pushes to an image requiring the least amount of in-
formation in order to reconstruct the Stokes V profiles; the
penalty for adding additional smaller-scale structure on top
of the ring likely dominates over the much smaller improve-
ment in the degree of fit to the input Stokes V profiles. This
can result in the tendency of the azimuthal ring to dominate
in the low inclination star with the highest activity level.
We want to highlight that the energy values and frac-
tions for the `Σ = 7 input maps are calculated for the whole
surface. Due to the inclination angle ZDI will always miss
parts of the southern hemisphere. Taking only the visible
surface of the input maps into account would reduce the
axisymmetric and toroidal fraction of the mean values per
stellar model by at most 6 % and 2 % respectively, as well
as the axisymmetric poloidal and the axisymmetric toroidal
fraction by at most 5 % and 9 % respectively for the lower
inclination angle i = 20◦. This correction would be even less
for the higher inclination angles.
Donati & Landstreet (2009, fig. 3) summarised the
large-scale field properties of the observed cool stars in a
five dimensional diagram that is often use to compare differ-
ent stellar magnetic maps (Morin et al. 2008a; Donati et al.
2011; Folsom et al. 2016; He´brard et al. 2016). Fig. 11 dis-
plays the input and ZDI reconstructed maps in this format.
The left panel, Fig. 11a, shows the large-scale field properties
restricted to `Σ = 3 and the right panel, Fig. 11b, for `Σ = 7;
we find that the large-scale field properties of the input and
ZDI reconstructed maps are most similar for `Σ = 3. The
thick black lines separate the three different stellar models
from each other. We plot the input and both ZDI recon-
structed maps per stellar model from left to right. We show
the ten single maps below and the average over them above
the black dotted line. The symbol size relates to logarithmic
total magnetic energy log〈B2〉, the symbol colour indicates
the poloidal fraction fpol and the symbol shape displays the
fraction of axisymmetric poloidal field fpol,axi.
We see that the large-scale field morphology varies in
the ten arbitrarily picked input maps for each stellar model,
even on timescales that are much shorter than the long-
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Figure 11. The properties of the large-scale field. The symbol size indicates the logarithmic magnetic energy log〈B2 〉. The symbol colour
indicates the poloidal fraction fpol and the shape the axisymmetry of the poloidal field fpol,axi. We plot all ten maps per star below the
dashed line and the mean above the dashed line. The different stellar models are separated by a solid black line. We display for each
stellar model from left to right the input map, the ZDI reconstructed map for i = 60◦ and i = 20◦. The best agreement between the input
and the ZDI reconstruction can be find at `Σ = 3 (a.). Additionally, we show the maximal ZDI resolution with `Σ = 7 (b.).
term activity cycles. ZDI is sometimes able to recover these
variations, see e.g. ZDI i = 60◦ for the most active star
(ER = 5 ER and DR = 5 DR), however, this is especially
hard for low inclinations. Comparing the large-scale field for
`Σ = 7, which is the highest mode ZDI is able to reconstruct,
see Fig. 11b, we see that the large-scale properties of the in-
put and reconstructed maps fit less well. The reconstructed
field strength is lower, and the more active the star, the
more the poloidal fraction tends to be underestimated and
the axisymmetry overestimated. A lower inclination angle
enhances these trends. However, several individual maps for
all stars and especially the averaged maps for the solar-like
star and the more active star for i = 60◦ are in good agree-
ment and show that ZDI is able to reconstruct the large-scale
field morphology of solar-like stars for higher inclinations,
especially on average.
4.3 Recovering the energy distributions
We find that ZDI is not effective in reconstructing the
magnetic energy distributions across individual `-modes.
Fig. 12a shows the energy distribution for the poloidal
(plum bars) and toroidal (orange bars) field component. The
columns present the three different stellar models (activity
rises from left to right) and the rows show the first seven `-
modes of the original input map and the ZDI reconstructed
maps for both inclinations, respectively. We present the av-
eraged results over the ten maps per stellar model and in-
clination.
For the input maps, the magnetic energy increases with
increasing `-mode. For the ZDI reconstructions, the mag-
netic energy mainly decreases with `-mode, i.e. the opposite
trend. The reconstructions of the solar-like star show a peak
in the poloidal energy at ` = 2 or 3, while for the more
active stars the poloidal energy peaks at ` = 1. The input
maps show that the toroidal energy becomes dominant at
` = 2 the more active the star (see Lehmann et al. 2018).
ZDI also reproduces the maximal toroidal energy at ` = 2
most of the time, but not always. Also the magnetic energy
values recovered by ZDI are much lower. The energy distri-
butions of our ZDI reconstructions show a similar trend with
`-modes found by observations of cool stars (see e.g. Jeffers
et al. 2014; Rose´n et al. 2016). We want to highlight again,
that we are not pushing the solution towards or preferring
any of the `-modes. For slowly rotating stars, we find that
the maximum entropy implementation of ZDI naturally dis-
tributes energy over the allowed `-modes, with the energy
tending to decrease with increasing `-mode.
The picture improves if we compare the relative frac-
tions of the field components, see Fig. 12b. The figure
shows the cumulative total CJ (`) of the poloidal (plum) and
toroidal (orange) fraction, where
CJ (`) =
∑
j
fj (`) (10)
fj (`) =
〈B2j 〉(`)
〈B2tot〉(`)
, j ∈ (pol, tor) (11)
〈B2tot〉(`) = 〈B2pol〉(`) + 〈B2tor〉(`). (12)
For the more active stars, ZDI is able to recover that the
quadrupolar mode at ` = 2 has the highest fraction of
toroidal field but it tends to overestimate the toroidal frac-
tion in the dipolar mode and underestimate the toroidal frac-
tion for ` = 4, 5. The ZDI reconstructions show similar trends
with `-modes for both inclinations, but the toroidal fraction
is in general higher for lower inclination angles.
For an easier comparison, we plot the residuals (sub-
tracting the fraction of the ZDI reconstructed maps from
the fraction of the simulated input maps) in Fig. 12c. The
dashed lines indicate whether the mismatch is higher then
20 % for the fractions while using the same format as be-
fore. Positive values indicate that ZDI underestimates this
field component and negative values that ZDI overestimates
this field component. ZDI reproduces the input poloidal and
toroidal fractions within a 20 % error for ` ≥ 4. For higher
inclinations ZDI tends to underestimate the toroidal field
especially for the less active stars, and overestimates the
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poloidal field ( ftor = 1 − fpol). For lower inclinations, ZDI
tends to miss the fractions of the poloidal field of the dipolar
and octopolar (` = 1, 3) mode and accordingly adds toroidal
field.
We also analysed the other field components and see
a similar picture: ZDI is not able to recover the magnetic
energy distribution across `-modes, but recovers the frac-
tions reasonably well. Fig. 12d, shows the axisymmetric
field (dark violet) and the non-axisymmetric field (rosa). For
the more active stars, we note that ZDI tends to underes-
timate axisymmetric field for the higher inclinations, and
non-axisymmetric field for the lower inclinations. Looking
at the residuals for the two components of the toroidal field:
the azimuthal toroidal field and the meridional toroidal field
component, we find that ZDI underestimates the meridional
toroidal field by adding azimuthal toroidal field for lower
inclination angles, while performing better at the higher in-
clination angles.
5 DISCUSSION AND CONCLUSION
First, we analysed the reconstruction abilities of four differ-
ent magnetic field descriptions and the influence of ve sin i
and of the spatial resolution of the input map on the
Stokes V profiles.
We compared four different descriptions of the magnetic
field, which are based on the spherical harmonics (see Sec-
tion 2.3.2). For the solar-like model it was possible to find
single maps that could be reconstructed with a potential de-
scription (γ`,m = 0, Eq. 6), but the majority of the solar-like
model maps, as well as all maps of the more active stars, need
a non-potential description (γ`,m , 0). For a few maps, it was
possible to set α`,m = β`,m (Eq. 2-4) which allows the ex-
trapolation of non-potential fields to the outer atmospheres,
but this approach reduces the degrees of freedom, and is
only suitable for selected individual maps. The restriction of
the description of the magnetic field by setting α`,m = β`,m
and/or γ`,m = 0 prevents the exact reconstruction of the
magnetic field from a theoretical perspective. Only certain
magnetic field morphologies are able to fit within these re-
strictions. To ensure that the reconstructed magnetic field
is correct one should allow α`,m , β`,m and γ`,m , 0 as this
description is always able to construct the input magnetic
field. This is especially important if one is interested in the
azimuthal, meridional or toroidal field components. It is of-
ten impossible to discard single descriptions by fitting the
Stokes V profiles with the different magnetic field descrip-
tions. Kochukhov & Wade (2016) showed that the Stokes V
profiles of the B0 V star τ Sco could be fitted equally well
with three of the descriptors analysed here, but this resulted
in three different vector magnetic field maps and magnetic
field morphologies.
Further, we visualize the dependence of the Stokes V
profiles on ve sin i and the spatial resolution of the input
maps in Fig. 6, Section 3.2. For slow rotators like the Sun
with ve sin i ≤ 5 km/s, the Stokes V profile does not change
after including `Σ = 5 − 7 to the input maps. This indicates
that the observer is literally blind to magnetic field struc-
tures at smaller scales. These dependencies are widely known
and discussed in the literature (see e.g. Morin et al. 2008b).
However, there has not been a comprehensive exploration of
the effects of this limited spatial resolution on a large set of
input maps that include structures from `Σ = 1 − 28, in the
ve sin i range of 1.6 − 24 km/s.
We discuss in the following the ability of the ZDI tech-
nique to recover the large-scale field of 3D non-potential
magnetic field simulations.
First of all, we want to highlight our result that the
spherical harmonics decomposition provides an easy and fast
method to estimate the large-scale magnetic field recover-
able by ZDI of any vector magnetic field map. Yadav et al.
(2015) presented that the ZDI reconstruction of a simulated
vector magnetic field map of a more rapidly rotating fully
convective star with ve sin i = 20 km/s can be mimicked by
large-scale field spherical harmonics decomposition includ-
ing `Σ = 10. For solar-like stars, which are relatively slow
rotators with ve sin i ≤ 5 km/s, we show that the inclusion
of `Σ = 5 provides an adequate estimation of the large-
scale magnetic field structure that would be observed via
ZDI. The spherical harmonic decomposition8 enables one to
determine the large-scale field of any vector magnetic field
map, e.g. from solar-dynamo simulations, and to directly
compare them with cool stars magnetic field observations,
without running and applying a full ZDI routine. Caution
is needed as these comparisons are better suited to the field
morphologies and not the absolute magnetic field or energy
values.
Secondly, we show that ZDI is able to reconstruct the
main structures of the large-scale field of solar-like stars. The
more active and highly inclined (i.e. less pole-on) the star,
the better ZDI reconstructs the large-scale field of the three
field components. Especially after averaging several maps,
there is agreement in the large-scale field properties. The
large-scale fields of solar-like stars can vary notably from one
stellar rotation to another, even on timescales considerably
shorter than the activity cycle lengths. ZDI is generally able
to follow these variations in the more active solar-like stars
and high inclination angles, but there are some exceptions.
We find that ZDI provides better results for higher incli-
nation angles (i.e. more equator-on) than for lower inclina-
tion angles (pole-on). The effects of the different inclination
angles are relatively small and in the range of the spread of
the single maps per stellar model, e.g. see Fig. 9, but there
are also definite trends, and some significant differences, e.g.
see Fig. 10. For lower inclination angles, less magnetic en-
ergy is recovered, especially less poloidal energy. For these
pole-on views, less of the stellar surface is visible and as we
always integrate over the whole surface, this could explain
partly the lack magnetic energy for lower inclination angles,
but it does not explain the lack of poloidal energy. Accord-
ingly, the relative fraction of the toroidal field is higher and
the axisymmetry of the total field and of the poloidal and
toroidal component increases for lower inclinations. The ax-
isymmetric toroidal component is overestimated by 40-50 %.
Furthermore, we see trends with stellar activity and ve sin i
for the ZDI reconstructed maps. The more active the star
(showing a few times higher flux emergence and differential
rotation rates than the Sun) the higher the reconstructed
toroidal energy is in connection with low inclinations angles
8 See Vidotto et al. (2016) for further details of the implementa-
tion.
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Figure 12. The energy distribution (a.) and the fractions (b.) for the first seven `-modes of the toroidal (orange) and poloidal (plum)
field component for the input maps (top row) and ZDI reconstructions for inclination 60◦ and 20◦ (2nd and 3rd row). On the bottom we
plot the residuals (input - reconstruction) for both inclinations for the toroidal (orange) and poloidal (plum) fraction (c.) and for the
axisymmetric (dark violet) and non-axisymmetric (rosa) field component (d.).
and we see a higher fraction of axisymmetric and toroidal
field in general.
Both effects, inclination and activity, need to be dis-
cussed in the context of the solar flux emergence pattern.
The global or large-scale structure of the small-scale so-
lar flux emergence pattern is characterised by a strong
quadrupolar ` = 2 toroidal azimuthal mode (= two rings of
opposite polarity across the equator at mid latitudes), which
is also highly axisymmetric. This large-scale component is
needed to support the field that emerges from the active re-
gions appearing at mid to low latitudes around the equator,
which show the opposite polarity patterns in the different
hemispheres. Furthermore, the active regions appear in a
very axisymmetric pattern. The higher the flux emergence
rate the more active regions are present at the same time
and the stronger the axisymmetric toroidal ` = 2-mode (see
Figs.7-8b). An increase in differential rotation decreases the
poloidal field of the active regions, which further increases
the toroidal fraction, see Lehmann et al. (2018). The in-
crease of the axisymmetry and toroidal fraction with stellar
activity results therefore from the strengthening of the ax-
isymmetric toroidal ` = 2 mode, mainly due to the increase
of active regions on the stellar surface following the solar flux
emergence pattern. Observing these active stars at a lower
inclination angle enhances this effect. With a near pole-on
view, the southern hemisphere is not visible and most of the
magnetic field originates from active regions which are now
observed mainly on the limb while the polar region contains
only very weak magnetic field. The structure that dominates
the large-scale field is the northern magnetic ring of the ax-
isymmetric toroidal ` = 2 modes, which causes the overes-
timation of the toroidal and axisymmetric fraction by ZDI
due to the line-of-sight effect on the solar flux emergence
pattern.
This may also provide an explanation for the observed
cool stars with Rossby numbers Ro ≤ 1.0 but stellar mass
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M ≥ 0.5 M, which show strong toroidal bands at low to mid
latitudes. It could be that a strong ` = 1 or ` = 2 toroidal
mode indicates well populated active latitude regions on
these stars. However, these stars also have a much higher
ve sin i, which is not covered by our simulations, and their sig-
nificantly enhanced levels of flux emergence may lead to un-
known flux distributions. We also note that strongly poloidal
fields can still be found in ZDI reconstructions of slowly ro-
tating solar-type stars (e.g. HD 146233, Petit et al. 2008, or
HD 147513, Hussain et al. 2016).
We find that ZDI does not recover the magnetic en-
ergy distribution across individual `-modes well, neither in
absolute values, nor in the relative trends. The energy dis-
tribution of the ZDI reconstructed maps (mainly decreasing
energy with `-mode) is opposite to the energy distribution of
the input maps (increasing energy with `-mode) and the en-
ergy values are much lower. Our ZDI reconstructions did not
artificially add weights in favour of the low `-modes, i.e. all
`-modes were defined to have equal weights. The trend to
simpler structure in the ZDI reconstructions likely results
from the maximum entropy implementation: as maximum
entropy regularisation searches for the simplest field required
to fit the set of Stokes profiles, it will tend to add structure
into the lowest energy modes first. As it is an ill-posed prob-
lem, with an infinite number of energy distributions that can
reproduce the same circularly polarised time-series, ZDI is
unable to recover the input distribution across `-modes.
Nevertheless, ZDI is able to recover the fractions of the
individual magnetic field components within ∼ 20 % for indi-
vidual `-modes. For lower inclination angles and more active
stars, we find an overestimation of the (azimuthal) toroidal
and axisymmetric field due to the same reasons as discussed
above. That ZDI is able to recover the field fractions to a
satisfying level is very encouraging for the interpretation of
the magnetic field morphologies of observed cool stars. We
should be cautious in using the absolute values of the mag-
netic field but the fractions of the different field components
are mostly reliable within 20 % for solar-like stars.
We find that ZDI is not able to reconstruct the correct
levels of field strengths and energies. Even if we account
for inclination instead of comparing with the entire surface
input maps, the reconstructed field strengths and energies
would only increase by a few percent. This is mainly due to
the fitting of the Stokes profiles. The Stokes profiles can be
fitted for the same χ2 with a range of magnetic field values
for solar-like stars. As maximum entropy regularisation in
ZDI searches for the lowest energy solution, the actual mag-
netic field can be underestimated and still yield an equally
good fit to the Stokes V profiles (as defined by reduced χ2).
We analyse the amount by which ZDI underestimates the
field, by dividing the average magnetic field of the ZDI re-
constructed map 〈BZDI〉 with the average magnetic field of
the input map 〈BInp〉 per `-mode. There is a large varia-
tion across individual maps, leading to a range of values.
The average magnetic field per `-mode is recovered in the
range of 10−110 % depending on stellar activity, `-mode and
inclination angle. In general, we see that with increasing ac-
tivity level (and therefore increasing ve sin i) the recovered
percentage increases. For example the dipolar mode ` = 1
is recovered by 〈BZDI〉/〈BInp〉 = 0.40 ± 0.11 for the solar-like
star, by 〈BZDI〉/〈BInp〉 = 0.58 ± 0.12 for the more active star
and by 〈BZDI〉/〈BInp〉 = 0.96 ± 0.16 for the most active star.
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Figure 13. The fraction of the mean flux density that is recovered
by the large-scale field of the input maps for `Σ = 5 and 7 and the
ZDI reconstructed maps. 〈BV 〉/〈BI 〉 for the three different stars,
where 〈BI 〉 is the unsigned mean magnetic flux density of the
full resolved input map. For the circular and pentagon symbols
〈BV 〉 is equal to the large-scale field for `Σ = 7 and 5 of the input
maps. For the normal and up-side-down triangular symbols 〈BV 〉
is equal to the ZDI reconstructed maps for the inclination angles
i = 60◦ and i = 20◦.
The higher the `-mode the lower the 〈BZDI〉/〈BInp〉 in gen-
eral, but there are also a number of exceptions. The large
spread and the high dependence on ve sin i and inclination
angle makes it impossible to provide a general correction
factor for the underestimation of the magnetic field by ZDI
especially if one keeps in mind that our analysed stars cover
only a very small fraction of the observed cool stars. The
non uniform dependency on the different `-modes can also
be found by comparing the solar magnetograms of different
solar observations as shown by Virtanen & Mursula (2017).
Reiners & Basri (2009) and Morin et al. (2010) showed
that the averaged magnetic field measured by ZDI 〈BV 〉 rep-
resents only 6−14 % of the total averaged magnetic field mea-
sured by Zeeman broadening 〈BI 〉 for M dwarfs. Recently,
Vidotto et al. (2018) showed that the large-scale field of
the synoptic maps of solar activity cycle 24 includes only
≈ 10− 20 % of the total field most of the time. In Fig. 13, we
present our analysis of 〈BV 〉/〈BI 〉 for the three stellar mod-
els using the same colour schema as in Fig. 9. The circles
and pentagons represent the averaged large-scale field 〈BV 〉
of the input maps including `Σ = 7 and 5. For the normal
and upside-down triangle is the averaged large-scale field
〈BV 〉 of the ZDI reconstructed maps for inclination i = 60◦
and i = 20◦. We calculate 〈BI 〉 from the fully resolved input
map, so that it corresponds to the total averaged magnetic
field. The symbols in Fig. 13 represent the mean over the
ten maps per stellar model and the error bars indicate the
corresponding standard derivation.
We find that the large-scale field of the input maps with
`Σ = 7 and `Σ = 5 comprises ≈ 47 % and ≈ 37 % of the total
average magnetic field, independent of the activity level of
the star. For the ZDI reconstruction, we find that ZDI re-
covers ≈ 12−17 % for higher inclination angles and ≈ 6−13 %
for lower inclination angles. Next to this trend in inclination
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we see a trend with stellar activity. The more active the
star, the higher its 〈BV 〉/〈BI 〉. Both effects result from the
dependence of the ZDI resolution on ve sin i. The more ac-
tive the star, and the higher its inclination angle, the higher
its ve sin i, and therefore the resolution and the field recon-
structed by ZDI. If we account for the obscuration effects
of stellar inclination, we see that the 〈BV 〉/〈BI 〉 mean val-
ues per stellar model for the input maps would be reduced
by less than ≈ 6 % and the 〈BV 〉/〈BI 〉 for the ZDI maps in-
creases by less than ≈ 5 % for the lower inclination angle of
i = 20◦ and even less for i = 60◦. It is still remarkable that
our 〈BV 〉/〈BI 〉 results for solar-like stars are similar to those
based on observations of more active M dwarfs (Reiners &
Basri 2009; Morin et al. 2010).
6 SUMMARY
We used 3D non-potential magnetic field simulation as
points of reference to analyse the reliability of the ZDI tech-
nique when applied to slowly rotating, solar-like stars. Fur-
thermore, we examined four different descriptions of the
magnetic field based on spherical harmonics, and the de-
pendency of the Stokes V profiles on both the spatial reso-
lution and ve sin i. We found that ZDI is able to recover the
main structures of the large-scale field morphology but with
approximately one order of magnitude less magnetic energy.
We compare the ZDI reconstructed maps with the whole sur-
face input maps to provide realistic estimates what ZDI is
able to recover. However, comparing the ZDI reconstructed
maps with input maps only taken the visible surface into
account would change the recovered property values only
by a few percent. The following list summarises our main
conclusions:
• Only the non-potential magnetic field description with
α`,m , β`,m and γ`,m , 0 guarantees the correct reconstruc-
tion of the field, especially if one is interested in the az-
imuthal, meridional or toroidal field component. However,
certain magnetic field morphology configurations can be re-
covered with the other spherical harmonic prescriptions,
which place further restrictions on the spherical harmonic
coefficients.
• The Stokes V profiles are insensitive to magnetic struc-
tures smaller than `Σ = 5−7, which corresponds to an angular
resolution of θ ≈ 36−25◦, for slow rotators like the Sun with
ve sin i ≤ 5 km/s.
• The spherical harmonic decomposition provides a fast
and easy way to estimate the large-scale field of highly re-
solved vector magnetic field maps, which is recoverable using
ZDI. We recommend using `-modes up to `Σ = 5 for slow ro-
tators.
• ZDI is able to recover the main magnetic structures of
the large-scale field for solar-like stars. The large-scale field
properties are reasonably well recovered, especially after av-
eraging over several maps.
• The large-scale field of solar-like stars can change sig-
nificantly from one stellar rotation to another (even without
accounting for activity cycles), and ZDI can follow these
variations in the more active stars with higher inclination
angles.
• ZDI is affected by the inclination of the star, with higher
inclination angles (more equator-on views) providing better
results. The lower the inclination angle, the higher the frac-
tion of toroidal and axisymmetric field for solar-like stars
with solar flux emergence patterns.
• ZDI is affected by the rotation period and activity of
the star. Within our sample the faster the star rotates, the
higher is the number of resolution elements extracted from
the Stokes profiles and therefore more magnetic field is re-
covered. The more active the star, the higher the toroidal
and axisymmetric fraction for solar-like stars with solar flux
emergences patterns.
• The energy distributions across individual `-modes are
not recovered by ZDI with a maximum entropy ansatz. How-
ever, the fractions of the different field components per `-
mode are mostly recovered within an error of 20 %.
• In general ZDI recovers less magnetic energy and mag-
netic field strength than expected from the large-scale field
of the input maps. The average magnetic field per `-mode
detected by ZDI can range between 10 − 110 % of the corre-
sponding average magnetic field of the same `-mode of the
input map. Due to the large variations depending on `-mode,
inclination, stellar activity and rotation, it is not possible
to apply a fixed correction factor for the ZDI-reconstructed
magnetic fields.
• The averaged magnetic field detected by ZDI is 6−17 %
of the average magnetic field of the fully resolved maps for
solar-like stars. Shorter rotation periods and higher inclina-
tion angles increase the fraction.
We want to highlight that our focus for testing ZDI lies
on ZDI’s ability to recover the large-scale field structures
of solar-like stars and their field properties. Our tests are
therefore performed under optimal conditions, assuming a
high SNR, and evenly spaced, well-sampled spectral time
series. We also assume that the magnetic field maps are sta-
ble over the course of one stellar rotation. We will present
the results of further tests including varying levels of SNR,
phase coverage, and evolving magnetic field maps in an up-
coming study.
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APPENDIX A: ADDITIONAL FIGURES
Fig. A1 and A2 show additional examples for the potential
α , β and the non-potential α = β field descriptions for
Section 2.3.2.
Fig. A3 shows additional to Fig. 5 in Section 3.2 the
correlation coefficients between two successive `Σ-modes for
the three different stellar models (left to right) for the lower
inclination i = 20◦.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Input map Potential α = β Potential α , β Original map
(Visible surface) (Complete surface)
Figure A1. The Mollweide projected magnetic field maps of the different descriptions of the magnetic field for the solar-like star
(ER = 1 ER and DR = 1 DR). Form left to right : the input map including `Σ = 7 and truncated latitudes corresponding to an inclination
of i = 60◦, the potential (α`m = β`m) reconstruction, the potential (α`m , β`m) reconstruction and the original simulated maps for
`Σ = 7. The same format as the Fig. 1 is used.
Input map Potential α = β Potential α , β Non-potential α = β Original map
(Visible surface) (Complete surface)
Figure A2. The Mollweide projected magnetic field maps of the different descriptions of the magnetic field for the more active star
(ER = 3 ER and DR = 3 DR). Form left to right : the input map including `Σ = 7 and truncated latitudes corresponding to an inclination
of i = 20◦, the potential (α`m = β`m) reconstruction, the potential (α`m , β`m) reconstruction, the non-potential (α`m = β`m)
reconstruction and the original simulated maps for `Σ = 7. The same format as the Fig. 1 is used.
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Figure A3. The correlation coefficient C`Σ between two successive `Σ-modes for the three different stars (left to right) and an inclination
angle of i = 20◦. The colour of the curves indicates the applied rotation period, see Fig. 5 right.
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